The solar collector developed is characterized by high performance characteristics, in
particular, low thermal resistance and low heat losses, and compactness, and it can be em-
ployed in the liquid and air setups.

NOTATION

a, hydraulic radius of a cell of the honeycombed fill, m; C, length of the condenser, m;
E, length of the evaporator, m; F, angular coefficients referring to the solar radiation;
q(Tc), heat flux from the absorber of the collector, W/m?; hy, coefficient of heat exchange
with the surrounding medium, W/(m?¢K); I, flux of solar radiation, W/m?; kg, coefficient of
thermal conductivity of air, W/(meK); L, height of the honeycombed fill, m; L,, distance be-
tween the heat pipes, m; r, radius, m; R, thermal resistance, (m®+K)/W; T, temperature, °K;
T,, conventional sky temperature, K; Uy, heat-loss factor W/ (m?*eK); V, wind velocity, m/sec;
(ta), reduced absorptivity; n,, efficiency of the collector; o, Stefan—Boltzman constant; o,
total coefficient of reflection of thermal radiation; pS, coefficient of specular reflection
of thermal radiation; pd, coefficient of diffuse reflection of thermal radiation; pg, total
coefficient of reflection of solar radiation; psd, coefficient of diffuse reflection of solar
radiation. Indices: c, condenser; e, evaporator; p, heat pipe; w, wick; v, vapor; f, liquid.
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MASS OF HYDROGEN LIBERATED IN STAINLESS STEEL HEAT PIPES WITH
WATER DURING LENGTHY OPERATION

M, G. Semena, A, I. Rudenko, UDC 536.248.2
and A, A. Efimova

The authors describe a method of calculating the amount of hydrogen liberated,
based on experimental data of long-term performance tests of heat pipes.

Heat transfer in low-temperature stainless—-steel heat pipes with water has a number of
special features, compared with heat transfer in heat pipes where the materials of the wall,
capillary-porous structure and heat-transfer agent are compatible with steam (e.g., copper—
water). This stems primarily from the influence on the thermal technology characteristics
of the heat pipe of the noncondensible gas liberated from the heat-transfer agent as a result
of electrochemical corrosion of the metal in contact with the agent. The hydrogen formed
gradually collects in the condensation zone, reducing the effective length and increasing the
thermal resistance of the heat pipe. Up till now there has been practically no detailed study
of the laws of gas liberation in stainless-steel heat pipes with water, aimed at determining
themass of hydrogen formed during long-term operation. For example, the investigations of [1]
did not take into account the nonuniformity of hydrogen release with time, and were conducted
over a short period of continuous operation of the heat pipe (3 months). The use of a formula
proposed in [2] to calculate the mass of hydrogen liberated is difficult because there are no
reliable data on the parameters appearing in the formula, parameters determined only experi-
mentally (the activation energy, the overvoltage in the metal, the number of electrons taking
part in the reaction, etc.), and whose number also varies with time,.
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Fig. 1. Variation of the length Lp], mm, of the plug of non-
condensible gas as a function of time, h.

The aim of the present paper is to study gas liberation in a type 12Kh18N1(QT stainless-
steel heat pipe, charged with water, to develop a method of calculating the mass of hydrogen.
liberated on the basis of experimental data on long-term operational tests of a heat pipe
whose surface was protected using the technique proposed in [3], and to compare the experi-
mental data with theory.

To study the influence of the various factors (working temperature, time, area of the
corroding surface) on the laws of gas liberation, we created an experimental facility to let
us lnvestigate the operation of the heat pipe at different angles of inclination and to con-
duct long~term tests of heat pipes under continuous operation., The test object was a heat
pipe of length 350 mm, diameter 12 mm, and wall thickness 1 mm (the lengths of the evapora-
tion and condensation zones were 100 and 150 mm, respectively). All the pipes operated under
steady conditions at a working temperature of 154°C, cooled by natural convection in a verti-
cal position. The temperature of the surrounding medium was kept constant and controlled to
an accuracy of one degree., Heat was supplied by electric heaters located on the entire sur-
face of the evaporation zone. Temperature was measured along the pipe by copper—constantan
thermocouples welded to the wall and inset in milled channels to a depth of 0.5 mm. To the
base of the condensation zone of each pipe was welded a thin-walled capillary bushing into
which a thermocouple was inserted and moved sequentially to determine the length and the tem-
perature field of the plug of noncondensible gas. The heat transfer agent used was distilled
deaerated water with pH = 6,85 and ¢co, = 5°10”° kg/m®. The amount of the heat transfer agent
charge was 15% of the internal volume of the pipe.

Analysis if the experimental data [4, 5] shows that the noncondensible gas, collecting
in the condensation zone, forms a slug of which the shape and type of interface considerably
influence the radial Reynolds Number (Rey) and the heat flux supplied. Since the dimensions
of the plug of noncondensible gas are restricted by the inside surface of the heat pipe and
the vapor—gas interface, to determine the mass of hydrogen liberated we need to know the
qualitative composition, the thermophysical properties and the plug length, besides the shape
of the vapor—gas interface.

From the tests conducted in [3] it was observed that the size of the plug of noncondens-
ible gas varied with time., While a sharp increase of plug length due to vigorous liberation
of hydrogen was observed in the initial period of operation of the pipe, the growth of the
plug slowed later because of reduced intensity of gas liberation. However, during the entire
period of the long~term tests, no stabilization of plug size was noted, explained by the un-
damped nature of hydrogen liberation. The plug length was determined graphically on the
basis of data on saturation temperature and temperature distribution in the plug of noncon-
densible gas.,. The saturation temperature was determined with the aid of thermocouples located -
in the vapor space of the evaporation zone and on the wall of the adiabatic zone., The results
of the investigation showed that the plug length is described by a step function for the
initial and the long~term periods of operation with t = const, S = const, The test data were
reduced using the least squares method and are shown in Fig, 1.

In calculating the mass of gas liberated, we made the following assumptions; 1) all of
the noncondensible gas is in the plug; 2) between the vapor and the gas there is a clear in-
terface determined by the axial velocity component of the vapor flow; 3) the shape of the
vapor—gas interface is a parabola; 4) the thermophysical properties of the heat transfer
agent are determined at the saturation temperature when operating at the partial pressure
of the vapor; 5) the pressure losses in the vapor channel are negligibly small; 6) the non-
condensible gas obeys the equation of state of an ideal gas.
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Fig. 2. Construction of the vapor—gas interface (1t = 2300 h)
to determine the parabolic volume of the vapor—gas front'(Y,
radial coordinate, mm; X, axial coordinate, mm).

The method of calculating the mass of hydrogen liberated in the test heat pipes consists
of the following steps:

1) find the axial velocity profile of the vapor flow for different sections of the ac-
tive part of the condensation zone using the solution [6]:

U=4B(1—X)(1—Y?)+ 24X (1 —4Y% 4 3Y¥), @
where B = Lact/r; X = X/Lacts Y = ¥/r.

The quantity Lact was determined as Lgeg = L —-f@l because of the presence of vortex
formation and smearing of the vapor—gas front along the heat pipe wall, The coefficient A,
was calculated from the equation

0,114247 — [0,267 _ 289

Cr

}BAI —0,133B2 =0, (2)

where Rer = Reg/4 r/z [7].
The value of z was assumed equal to the mean plug length f@l and was determined as
Zpl = g1™, 0 v < 150; (3)
Loy = a7, 150 v o0, (4)
where @, = 1.54; a; = 30.,44; b, = 0.,73; by = 0.078 are coefficients obtained empirically on
the basis of the test data of [3] and characterizing the nonuniformity of gas liberation with
time;
2) determine the coordinates of the start of reverse flows for different sections of the
‘active part of the condensation zone as r varies from 5 mm to 0 (Fig. 2);

3) construct the vapor—gas interface with the aid of points of inflection on the axial
velocity profiles of the vapor flow and determine the paramolic volume of the vapor—gas front
(Fig. 2);

4) determine the volume of the plug of noncondensible gas

n?

X
X* —n { YVX; 6))
0

V‘:chl AL
5) calculate the mass of hydrogen liberated using the gas constant equation, Here we.
take into account the presence in the plug of noncondensible gas of vapor with a density
corresponding to the saturation pressure of water at the mean temperature of the plug and of
residual nitrogen partially retained on the inside surface after degassing of the pipe and
liberated at the working temperature as the pipes aperate.

After the tests we carried out a gas analysis of the plugs of noncondensible gas formed,
Figure 3 shows the spectrum of noncondensible gas liberated in a heat pipe operated continu-
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Fig. 4. Mass of hydrogen liberated, my,,
kg, as a function of the time of continuous
operation T, h: 1) theory; 2) test data.

ously for 2300 h, obtained on an equipment for qualitative and quantitative determination of
the components of plugs of noncondensible gas., As can be seen from Fig. 3, the basic com-
ponents of the plugs of noncondensible gas are hydrogen, nitrogen, and water, The amount of
argon introduced into the heat pipe when the charging stem was sealed off by argon-arc welding
is negligibly small in comparison with the components calculated above, and can be neglected,
The mercury peaks are the main background of the measuring chamber, due to the vacuum pumps.

After this method was used to calculate the amount of hydrogen liberated in 15 heat pipes
operated continuously for different time periods, we constructed the dependence my = £(1),
with t = const and § = const., Figure 4 shows the results of these investigations, in which
we observe good agreement between values obtained by experiment and theory. The gas analysis
data also confirm the nonuniformity of hydrogen liberation in the initial and long-term peri-
ods of operation, explained by the complex nature of the corr051on process occurring in a
closed system such as the heat pipe.

Thus, with the method of calculation described one can determine the mass of hydrogen
liberated in a type 12Kh18N10OT stainless steel heat pipe charged with water, for various
times of continuous operation.

It was discovered from the investigations that the gradual buildup of hydrogen causes
an increase of the length of the plug of noncondensible gas, which in turn reduces the effec-
tive surface area of the condensation zone and decreases the heat transmission characteristics
of the heat pipe. Therefore, knowing the laws of gas liberation and of variation of the size
of the plug of noncondensible gas as a function of the working temperature, the operating time,
and the geometric characteristics of the heat pipe (the area of the corroding surface, the
inside diameter), without preliminary variation of the thermophysical properties of the heat~-
transfer agent, we can accelerate operational tests and define periods of optimal duration of
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use of heat pipes with a given combination of materials of the wall, capillary-porous struc-
ture and heat-transfer agent, under constant operating conditions and under variable condi-
tions.

NOTATION

pH, hydrogen indicator; cQ,, concentration of oxygen in the heat~transfer agent; Rey,
radial Reynolds number; Rez, axial Reynolds number; U, dimensionless axial velocity component
of the vapor flow; B, geometric parameter; C, dimensionless axial coordinate; Y, dimensionless
-radial component; X, axial coordinate; Y, radial coordinate; d, r, inside diameter and radius
of the heat pipe, respectively; L, length of the condensation zone; Lp, length of the plug
of noncondensible gas; Lgeot, length of the active part of the condensation zone; t, time;
V, volume; X*, coordinate of the start of reverse flow; S, area of the corroding surface;
t, temperature; my , mass of hydrogen liberated. Subscripts: cyl, cylinder; vgf, vapor—gas
front.
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RATE OF SURFACING OF A GAS PLUG IN ANNULAR AND RECTANGULAR
VERTICAL CHANNELS

A. N, Kovalev : UDC 532.529

Relations are proposed for the limiting surfacing velocities of plugs used within .
a broad range of geometric parameters,

When constructing the diagram depicting two-phase flow regimes for calculation of plug
flow in vertical channels of different shapes, it is necessary to know the rate of surfacing
of a single gas plug in a capped pipe or the rate of descent of fluid at which the plug is

suspended in the channel.
The limiting (steady-state) surfacing velocity of a gas plug is determined by the hydro-

dynamics in the flow of the fluid around the frontal part and does not depend on the length
of the plug. When inertial and buoyancy forces predominate, this velocity is determined by

the relation [1]:
Us 1/p

=0 A4,
Vo —o)l

where I is a characteristic linear dimension of the channel, equal to the diameter for a pipe,
the external diameter for an annular channel, the diameter of the shell for a rod assembly,
and the width (of the larger side) for a rectangular channel; A, is an empirical coefficient

determined from Fig. la.

The data in [1] for A, in rectangular channels was used in [2] to propose the linear
approximation

Fr{)= (1)
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